Background-Mental stress-induced myocardial ischemia (MSIMI) is a frequent phenomenon in patients with coronary artery disease. Women with coronary artery disease tend to have more MSIMI and more chest pain/anginal symptoms than men, but whether the association between MSIMI and angina burden differs in women and men, is unknown.
Introduction
Mental stress-induced myocardial ischemia (MSIMI) is a transient myocardial ischemic response to mental stress, 1 which can be induced in patients with coronary artery disease during a standardized mental stress challenge. 1 MSIMI has a similar prognostic value compared to conventional stress ischemia (evaluated during standard cardiac testing) with a twofold increased risk of future cardiac events, 2 but it occurs at lower levels of oxygen demand and is usually not related to severity of coronary artery disease. 1, 3 MSIMI has been shown to correlate with myocardial ischemia measured in daily life ambulatory monitoring. 3, 4 Stable angina pectoris is an important determinant of adverse outcomes, quality of life and healthcare costs in coronary artery disease patients. 5, 6 Psychosocial factors like depression are important correlates of anginal symptoms, 7 and therefore myocardial ischemia triggered by emotional stress could be an underlying cause of daily life angina. This is particularly relevant for women, as women with coronary artery disease have a higher age-adjusted prevalence of reported angina, 6 and also a higher prevalence of MSIMI, 8 compared to men.
In a previous study of 98 coronary artery disease patients, we found a positive association between reported angina and MSIMI, 9 but were not able to test an effect modification by sex due to the small sample size. In the current, larger study of 950 stable coronary artery disease patients, we sought to confirm this association, and examine whether it is more pronounced in women than in men.
Methods

Study Sample
Between June 2011 and March 2016, we enrolled 950 individuals (627 men, 323 women) with stable coronary artery disease in two parallel studies with similar protocols: the Mental Stress Ischemia: Prognosis and Genetic Influences Study (MIPS) (N=636) and the Myocardial Infarction and Mental Stress Study (MIMS) (N=314). Both studies shared testing and data collection protocols, as well as study staff, investigators, facilities and equipment, but there were some differences in the inclusion criteria (table 1) . Since results were similar, we combined the data from these two studies. The MIMS study also recruited 112 community controls without coronary artery disease between the ages of 18 and 60 years, who were recruited from a community-based study of individuals without established coronary artery disease in the Atlanta area. 10 This research was approved by the Emory University Institutional Review Board, and all participants provided informed consent.
Stress Testing Procedures
Mental stress was induced by a standardized social stressor using a public speaking task, as previously described. 11, 12 Briefly, each individual was asked to imagine a real-life stressful situation, and to make up a realistic story around this scenario. They were given two minutes to plan the story and three minutes to present it in front of a video camera and a small audience wearing white coats. Individuals were told that their speech would be evaluated by the laboratory staff for content, quality and duration. For physical stress, subjects underwent a Bruce protocol by walking on a treadmill, with exercise target set at 85% of maximum predicted heart rate based on the patient's sex and age. For individuals who were unable to reach the heart rate target, we performed a pharmacological stress test with Regadenoson (Astellas, Northbrook, IL), an adenosine receptor agonist. We conducted continuous blood pressure and heart rate monitoring during both stresses. 12 
Myocardial Perfusion Imaging
Study participants with stable coronary artery disease underwent three single-photon emission tomography (SPECT) imaging studies at rest, with mental stress, and with conventional stress (treadmill or pharmacological stress), with 99m Tc-Sestamibi, at the dose of 10-14 mCi for rest imaging and 30-40 mCi for stress imaging, based on weight. Stress scans were conducted on two separate days, one week apart, and the rest scan was obtained on the first visit. Community controls underwent a standardized mental stress challenge using the same protocol as the coronary artery disease patients, but they were not subjected to SPECT imaging or conventional stress testing.
SPECT images were interpreted using accepted methodology by two experienced readers blind to patients' data using a 17-segment model. Each myocardial segment was scored from 0 (no abnormality) to 4 (absent perfusion), and summed scores were calculated in a conventional fashion by adding the individual segment scores, yielding two summed stress scores (SSS) for mental and conventional stress, respectively, and a summed rest score (SRS), each with a theoretical range of 0 to 68. A summed difference score (SDS) was calculated for each stress condition by subtracting SRS from SSS. The SDS is a semiquantitative measure of the number and severity of reversible (ischemic) myocardial perfusion defects. Myocardial ischemia for both stress conditions was defined as an SDS ≥ 3. 13 We also calculated the percent ischemic myocardium on a continuous scale as (SDS/68) × 100. 14 
Angina Assessment
Chest pain/angina during daily life was assessed with the Seattle Angina Questionnaire (SAQ)'s angina-frequency subscale, which measures frequency of angina and use of nitroglycerin for chest pain over the previous 4-weeks. 15, 16 The SAQ angina questionnaire was validated in a variety of populations, 15, 16 and was found to be correlated with electronic daily diary entries for angina and nitroglycerin use, both cross-sectionally and longitudinally. 17 We categorized the SAQ angina frequency score as no chest pain/angina (score=100) or any chest pain/angina (score < 100).
Other Study Measures
Age was calculated by subtracting date of birth from date of enrollment, and then rounding to the nearest digit. We used validated instruments to collect demographic, behavioral, social and health status data for both coronary artery disease patients and community controls. Depressive symptoms were assessed using the Beck Depression Inventory (BDI-II), a 21-item self-administered scale; 18 posttraumatic stress disorder (PTSD) symptoms were assessed using the PTSD Symptom Checklist (PCL: civilian version), a 17-item scale, 19 and trait anxiety was measured with the State-Trait Anxiety Inventory (STAI). 20 We also measured anger symptoms using the Spielberger's State-Trait Anger Expression Inventory (STAXI); 21 and general perceived stress using the Perceived Stress Scale. 22 
Statistical Analysis
We compared subject characteristics according to presence or absence of chest pain/angina in the previous 4-weeks using either the two-sample t-test for continuous, normally distributed variables or the chi-square test for categorical variables. For our main analyses, we performed multivariable linear and log-binomial regression models with percent ischemic myocardium and presence/absence of ischemia as outcomes, respectively, and presence of angina as the main predictor variable. Log-binomial models allowed calculation of prevalence risk ratios (PRR) adjusted for other factors. We adjusted for a priori chosen covariates, including sociodemographic characteristics (age, sex, race, poverty status), coronary artery disease risk factors (smoking status, hypertension, dyslipidemia, diabetes, BMI) and coronary artery disease severity indicators (history of myocardial infarction, heart failure and revascularization). In a separate model, we considered sex as effect modifier for the association between angina and ischemia. We used SAS version 9.3 (Cary, NC) for the analysis, with 95% significance threshold for confidence intervals (CI).
Results
Of the 950 coronary artery disease patients included, 913 had complete data on angina and myocardial perfusion imaging with mental stress. The mean age of these subjects was 60 years (standard deviation, 10), 309 (34%) were women and 370 (41%) were AfricanAmerican. Overall, 338 (37%) reported having chest pain/angina symptoms over the previous four weeks (table 2) , and women reported more angina than men (50% vs 30%). Participants reporting angina were also younger and more likely to be African-American, smokers and with income below the poverty line compared with those without angina. As expected, coronary artery disease risk factors were highly prevalent in this sample, with 77% having hypertension, 82% with dyslipidemia, 33% with diabetes, and 77% with history of previous revascularizations. Of the coronary artery disease risk factors and severity indicators, only history of myocardial infarction was significantly associated with angina: 65% of patients reporting angina had a history of myocardial infarction vs. 46% of those not reporting angina. In contrast, all measures of psychological distress were significantly higher in subjects with angina as compared to subjects without angina. For example, the level of depressive symptoms was approximately twice as high, and the levels of PTSD symptoms and of perceived stress were approximately 50% as high in those reporting angina compared with those not reporting angina (table 2) .
Of the 112 community controls, two were excluded because of missing angina data. The mean age of the remaining 110 control subjects was 50 years (standard deviation, 9), 57 (52%) were women and 46 (42%) were African-American. Overall, 11 (10%) of the controls reported angina in the past 4 weeks even though none of them had a previous history of coronary artery disease. In contrast to the coronary artery disease patients, this proportion was only slightly elevated in women (12%) compared with men (8%), p=0.53. Similar to the coronary artery disease patients, community controls who reported angina showed significantly higher symptoms of depression, anxiety, PTSD and perceived stress compared to controls who did not report angina (supplementary table 1).
Overall, 112 (12%) of the coronary artery disease patients developed ischemia with mental stress, and 256 (29%) developed ischemia with conventional stress. Both forms of ischemia tended to be more common in women than in men (15% vs. 11% for mental stress, 30% vs. 28% for conventional stress). In the full cohort, chest pain/angina in the previous 4 weeks was associated with 37% higher probability of MSIMI (adjusted PRR: 1.37, 95% CI: 0.93 -2.01), after adjustment by sociodemographic characteristics, coronary artery disease risk factors and coronary artery disease severity indicators; the corresponding association for conventional stress ischemia was 1.17 (95% CI: 0.93 -1.47) (table 3). However, sex differences were noted. Of the women reporting angina, 19% developed MSIMI, vs. 10% of women not reporting angina (adjusted PRR= 1.90, 95% CI: 1.04 -3.46), while there were no differences among men (11% vs. 11% respectively, adjusted PRR= 1.09, 95% CI: 0.66 -1.82), interaction p= 0.16 (table 4) . For ischemia as a continuous measure, results were similar. Women who reported angina exhibited over twofold more ischemic myocardium with mental stress as compared to women without angina, although the absolute difference was small, 1.8% of ischemic myocardium vs. 0.8% (table 4), while there was no such difference in men (1.2% of ischemic myocardium vs. 1.0%), interaction p= 0.04. Women with angina also showed a greater percent of ischemic myocardium with mental stress than men with or without angina, while results for conventional stress were comparable across groups of sex and angina status ( figure 1) . Even when the analysis was restricted to ischemia positive subjects (45 women and 67 men), women reporting angina tended to show greater severity of ischemia than those who did not (8.9% of ischemic myocardium vs 7.5%), which was not the case among men (7.7% vs. 7.4%). Adjustment for depression and anxiety did not change the results (data not shown).
Discussion
Among individuals with stable coronary artery disease, reported chest pain/angina in previous 4-weeks was associated with myocardial ischemia due to mental stress measured on the continuous scale, but not with conventional stress. These results are consistent with existing literature, [23] [24] [25] and replicate our previous findings. 9 The association between angina and MSIMI was mainly driven by women, as women with angina showed more ischemic myocardium than any of the other groups. These findings were independent of traditional coronary artery disease risk factors and even psychosocial factors.
As MSIMI is associated with ambulatory ischemia, 3, 4 reported chest pain/angina might reflect ischemic episodes triggered by psychological stress in daily life. Based on our results, this phenomenon may be especially important for women, and may potentially be implicated in sex differences in prognosis of coronary artery disease. 6 Given our observation that reported chest pain/angina in the previous 4 weeks was related to ischemia provoked by mental stress but not by conventional stress, it is unlikely that our results merely reflect a lower pain threshold, or a higher propensity to report chest pain, in women compared with men. 26 Our finding of only a small sex difference in reported chest pain among community controls further corroborates that sex differences in pain perception or in pain reporting should not play an important role in these findings, although the small sample of community controls in our study precludes us from drawing any definitive conclusions.
Several previous studies have found no association between angina reported during daily life and either myocardial ischemia due to exercise stress, 25 or measures of coronary artery disease severity like previous myocardial infarction, previous stenting and coronary artery bypass surgery. 23 Also, in the Psychophysiological Investigations of Myocardial Ischemia (PIMI) study, exercise stress ischemia was not associated with history of daily life angina. 24 These results are also consistent with our previously published data based on a separate sample of coronary artery disease patients. 9 While the underlying biological reason for these findings will need further research, it is possible that a predominant mechanism of chest pain in daily life is coronary microvascular dysfunction, which is not detectable with conventional perfusion scans. 27 Coronary microvascular dysfunction has been implicated as a mechanism of MSIMI, especially in women. 27, 28 Furthermore, coronary microvascular disease has been proposed as the underlying etiology for angina and ischemic heart disease in women in absence of obstructive coronary artery disease. 29, 30 Alternatively, reported angina can be a marker of psychological distress. This is suggested by the consistent association we observed between chest pain/angina and symptoms of psychosocial distress such as depression, anxiety and perceived stress, in both patients and controls, consistent with many previous reports, 7, 31 including our own previous work. 9 However, in this study, the psychosocial profile of coronary artery disease patients did not explain the association between angina and MSIMI, suggesting that other factors may be at play.
Our study has several strengths. This is the largest study to date with measurements of ischemia with both mental stress and conventional stress, and detailed assessments of psychosocial, behavioral and clinical factors. Furthermore, we had a relatively large representation of women and minorities. Main limitations include the cross-sectional study design, and the retrospective assessment of chest pain/angina. However, the SAQ is well validated, and because it was administered prior to stress testing, it is unlikely that responses to the SAQ were biased by the testing itself. Another limitation of our findings is the lack of a significant sex-based interaction when assessing mental stress ischemia as a dichotomous outcome. However, the interaction was significant when ischemia was measured on a continuous scale. A loss of power due to categorizing a continuous variable 32 might be implicated.
Our results have important clinical implications for the management of angina and the improvement of quality of life and prognosis of women with coronary artery disease. Specifically, our data points to the importance of assessing psychosocial stress in patients who report angina, especially women. Daily life angina is an important dimension of the quality of life of coronary artery disease patients, and a thorough assessment of the psychosocial sphere may help improve the care of these patients. When indicated, women with angina may benefit from stress-reduction interventions, given that such interventions have shown efficacy in ameliorating depression and anxiety symptoms in coronary artery disease patients, in addition to improving cardiovascular risk factors such as systolic blood pressure. 33, 34 However, stress-reduction management strategies need to be specifically investigated in future studies for their efficacy in decreasing angina symptoms.
In conclusion, we found that among women with coronary artery disease, reported chest pain in daily life is positively associated with myocardial ischemia provoked by mental stress, but not by conventional stress. Our results suggest that psychosocial and neurobiological mechanisms may be shared between MSIMI and symptoms of angina in daily life in women, and highlight the importance of psychosocial determinants of chest pain in daily life among women with coronary artery disease.
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Clinical Significance
•
Women with stable coronary artery disease report more chest pain/anginal symptoms than men, but these differences are not well understood.
• Women with coronary artery disease who report angina, but not men, are twice more likely to develop ischemia with a laboratory based acute psychological stressor than those without angina.
• These results suggest an important psychosocial component for angina in women, which has implications for the management of women with angina. Table 4 Association between presence of reported angina in past 4 weeks and myocardial perfusion defects with mental or conventional (exercise or pharmacological) stress, by sex PRR (prevalence risk ratio): Estimated prevalence of having mental or conventional stress ischemia in subjects with angina in the past 4 weeks, compared with subjects with no angina β: Estimated difference in mental/conventional stress ischemia percentage score between subjects with angina vs. no angina in the past 4 weeks a Adjusted for demographic factors (age, sex, race, and poverty status), coronary artery disease risk factors (current smoking status, hypertension, dyslipidemia, diabetes, and body mass index), and coronary artery disease severity indicators (previous myocardial infarction, history of heart failure, and history of revascularization).
b For conventional stress, 22 observations were missing, with final sample size = 891
